I. INTRODUCTION
High density plasma sources have been investigated for the material processing of flat panel displays ͑FPDs͒ at lower temperatures and higher processing rates. In particular, among the various high density plasma sources, inductively coupled plasma ͑ICP͒ sources have attracted considerable for uniform processing on the large area substrate of FPDs due to the easier expandability of the source. 1 However, in the case of conventional external antenna-type ICP sources, the scaling up of the source for the processing of large area substrates applied to next generation FPDs shows problems due to the thick thickness of the dielectric material separating the outside antenna coil from the plasma, and the large impedance of the antenna coil, etc. Therefore, internal antennatype ICP sources with various types of antennas, such as the loop type, serpentine type, double comb type, etc., have been investigated in an attempt to produce uniform high density plasma over an extremely large area substrate. [2] [3] [4] [5] In the case of internal-type ICPs, a metallic antenna line, which is generally made from copper tubing, is inserted in the vacuum chamber and separated from the plasma by a thin dielectric tubing covering outside of the antenna line. The thickness of the dielectric tubing and the distance between the antenna line and dielectric tubing not only affects the impedance of the antenna but also changes the transmission of the electromagnetic field from the antenna to the plasma. In this study, the capacitance of an internal-type ICP antenna was varied by changing the metallic antenna line diameter, and the effect of the antenna line diameter on the electrical characteristics and plasma characteristics was investigated using a large area internal antenna-type ICP source with a double-comb-type antenna. 6, 7 II. EXPERIMENT Figure 1͑a͒ shows a schematic diagram of the experimental setup of the double-comb-type antenna used in this study. The processing chamber has a rectangular shape, 2750ϫ 2350 mm 2 in size, for applications to large area FPD processing. The substrate size was 2300ϫ 2000 mm 2 . As shown in Fig. 1͑a͒ , the double-comb-type antenna consisted of eight antennas with a diameter ranging from 10 to 25 mm. One side of the antenna was alternatively connected to a 10 kW 13.56 MHz rf power generator through an L-type matching network while the other side was connected directly to the ground. The antenna was made from copper tubing to allow water cooling and the outside of the antenna was coaxially covered with quartz tubing, 33 mm in diameter and 2 mm in thickness. The characteristics of the Ar plasma were examined using a Langmuir probe ͑Hiden Analytical Inc., ESP͒ installed at the center of the chamber. The electrical characteristics of the antenna were measured using an impedance probe ͑MKS Inc.͒ installed between the matching network and antenna. Figure 1͑b͒ shows a schematic diagram and electrical equivalent circuit of the antenna line, quartz tubing, and plasma for the antenna for the internal-type ICP source. As shown in the equivalent circuit, the rf voltage induced on the antenna line ͑V rf ͒ was divided into the following according to Kirchhoff's voltage law: Space voltage between the antenna line and the quartz ͑V ad ͒, the voltage in the dielectric material ͑quartz tubing͒ ͑V d ͒, the sheath voltage between the dielectric material and the plasma ͑V ds ͒, and the sheath voltage between the plasma and the grounded chamber wall ͑V p ͒. 8 In this circuit, due to the same current flow along the closed circuit, the voltage drop at each part is related to the respective capacitance according to the following equation:
III. RESULTS AND DISCUSSION
where C ad , C d , C ds , and C p are the respective capacitances of each component shown in Fig. 1͑b͒ . In general, in an ICP system, an increase in rf power to the source alters the plasma mode from capacitively coupled plasma to inductively coupled plasma mode. Due to the differences in the power absorption in the modes, there is an accompanying change in plasma characteristics, such as the plasma density, plasma potential, sheath voltage, etc. This change in the plasma mode originates from the variation in power coupling between the antenna and plasma, and the change in antenna capacitance can also affect the change in plasma mode. Therefore, the change in the sheath voltage between the dielectric tubing and plasma ͑V ds ͒, which originates from capacitive coupling, was estimated for different antenna diameters. The V ds can be estimated by the following equation using Kirchhoff's voltage law, and Eq. ͑1͒ by assuming V p Ϸ 0:
The capacitance can be estimated by assuming the cylindrical geometry of the capacitor as follows:
C ad = 2 r 0 /log 10 ͑b/a͒,
where r is the relative dielectric constant ͑=1͒, r Ј is the relative dielectric constant of quartz ͑=3.82͒, and 0 is the permittivity of free space ͑=8.85ϫ 10 12 F / m͒. Using the capacitance values shown above, Eq. ͑2͒ can be changed to Eq. ͑3͒ as follows:
V ds = 3.82 log 10 ͑c/bЈ͒ 3.82͑log 10 ͑cb/abЈ͒͒ + log 10 ͑bЈ/b͒ V rf , ͑3͒
where a, b, bЈ, and c are the antenna radius, inside radius of the dielectric material, outside radius of the dielectric material, and the distance between the antenna center and plasma sheath edge, respectively. When the antenna diameter is changed, a is altered and c can vary according to the change in plasma characteristics. Table I , the total capacitance of the antenna per unit area increased with increasing antenna line diameter from 0.106 to 0.56 pF. Figure 2 shows the total charge ͑total charge= C total V rf ͒ and the ratio of the sheath voltage calculated from Table I and Eq. ͑3͒. As shown in the figure, the 10 mm antenna showed the highest total charge and the total charge increased with decreasing antenna diameter due to the differences in V rf induced in the antenna at the same rf power. At 9 kW rf power, the V rf induced on the antenna decreased from 2.1 kV for the 10 mm diameter antenna to 0.26 kV for the 25 mm diameter antenna. However, in the case of the sheath voltage ͑V ds ͒ between the dielectric material and Figure 3͑a͒ shows the plasma potential measured as a function of the rf power for different antenna diameters at 15 mTorr Ar. As shown in the figure, the increase in rf power and decrease in antenna diameter decreased the plasma potential. From the capacitance values of each component in Eq. ͑1͒, the plasma potential is related to V rf by the following equation:
The decrease in plasma potential with increasing rf power is partially related to the increase in C ds and C p , which are approximately proportional to D −1 = ͑en 0 / 0 T e ͒ 1/2 . Therefore, an increase in rf power decreases D by increasing the plasma density ͑n 0 ͒ and increasing C ds and C p . From the above equation, the decrease in C ad by decreasing the antenna diameter also decreases V p . Indeed, an increase in rf power changes the plasma mode from capacitive to inductive, and a decrease in antenna diameter decreases the percentage contribution of capacitive coupling, as shown in Fig.  2 . Therefore, the decrease in plasma potential shown in Fig.  3͑a͒ also appears to be related to the increased inductive coupling. Figure 3͑b͒ shows the plasma density measured as a function of the rf rms current at different antenna diameters by increasing the rf power at 15 mTorr Ar. As shown in the figure, for the smaller antenna diameter, although the same rf rms current was used, a higher plasma density could be observed as a result of the increasing power transfer efficiency due to the smaller loss of rf current to the plasma. 11 At the same rf power, a higher plasma density was also obtained for the smaller antenna diameter. At 9 kW rf power and 15 mTorr Ar, a plasma density of approximately 1.52 ϫ 10 11 / cm 3 could be obtained for the 10 mm diameter antenna while 8 ϫ 10 10 / cm 3 was obtained for the 25 mm diameter antenna. Figure 4 shows the Joule loss measured as a function of the rf rms current at different antenna diameters. As shown in the figure, at the same rf rms current, Joule loss was the lowest for the 10 mm diameter antenna indicating the highest rf power transfer efficiency among the antenna diameters investigated by improved the inductive coupling.
IV. CONCLUSIONS
In this study, the plasma characteristics of an internaltype ICP source were examined as a function of the antenna capacitance by varying the diameter of a copper antenna made from coaxial copper/quartz tubing. The plasma density increased from 8 ϫ 10 10 / cm 3 to 1.52ϫ 10 11 / cm 3 at 9 kW of rf power and 15 mTorr Ar with decreasing antenna diameter from 25 to 10 mm. In addition, the plasma potential decreased with decreasing antenna diameter at the same rf power. The increase in plasma density and decrease in plasma potential with decreasing antenna diameter at the same rf power is related to the decreased antenna capaci- 
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Effect of antenna capacitance… Phys. Plasmas 15, 083501 ͑2008͒ tance, which results in an decreased loss of rf current. Therefore, a decrease in antenna diameter resulted in an increase in inductive coupling at the same rf power by increasing the power transfer efficiency. Although the smaller antenna diameter showed more inductive coupling at the same rf power or same rf rms current in this experiment, it is believed that there is a limit to decreasing the antenna diameter that shows the highest inductive coupling.
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